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INVESTIGATION OF AN ELECTRICALLY HEATED AIRPLANE 
WINDSHIELD FOB ICE PREVENTION 
By Lewis A .  Rodert  
s t u d y  mas made a t  t h e  N a t i o n a l  Advisory  Committee 
f o r  A e r o n s u t i c s  l a b o r a t o r y  of t h e  o p e r a t i o n  of a n  e l e c -  
t r i c a l . 1 ~  h e a t e d  g l a s s  p a n e l ,  which s i m u l a t e d  a  segment of 
a n  a i r p l a n e  w i n d s h i e l d ,  t o  de te rmine  i f  i c e  f o r m a t i o n s ,  
which u s u a l l y  r e s u l t  i n  t h e  l o s s  o f  v i s i b i l i t y ,  c o u l d  be 
p r e v e n t e d .  T e s t s  mere made i n  t h e  7- by 8-f00t  i c e  t u n n e l ,  
and  i n  f l i g h t ,  u n d e r  a r t i f i c i a l l y  c r e a t e d  ice- forming con- 
d i t i o n s ,  
I c e  was p r e v e n t e d  from forming on t h e  w i n d s h i e l d  model 
i n  t h e  t u n n e l  by 1 .25  watts of pomer p e r  square  i n c h  w i t h  
t h e  a i r  t e m p e r a t u r e  a t  2X0 F. and a  v e l o c i t y  of 80 n i l e s  
p e r  hour .  Using a n  improved model i n  f l i g h t ,  i c e  v a s  p re -  
v e n t e d  by 1.43 m z t t s  of power p e r  square  inch  of p r o t e c t e d  
a r e a  and 2 w a t t s  p e r  i n c h  c o n c e n t r a t e d  i n  t h e  r i m ,  w i t h  
t h e  a i r  t e m p e r a t u r e  a t  2.6' F. and a v e l o c i t y  of 120 m i l e s  
p e r  hour .  The removal of a  pseformed i c e  cap was e f f e c t -  
ed t o  a l i m i t e d  e x t e n t  i n  t h e  t u n n e l  by t h e  use  of 1.89 
w a t t s  of power p e r  square  i n c h  when t h e  t e m p e r a t u r e  and 
v e l o c i t y  mere 25O F ,  and 80 m i l e s  p e r  h o u r ,  r e s p e c t i v e l y .  
The r e s u l t s  i n d i c a t e  t h a t  s e r v i c e  t e s t s  w i t h  a n  i m d  
p roved  d e s i g n  a r e  j u s t i f i e d .  
IBTRODUCTION 
Al though v a r i o u s  d e v i c e s  have been proposed f o r  p r e -  
v e n t i n g  t h e  f o r m a t i o n  of i c e  on a i r p l a n e  w i n d s h i e l d s ,  none 
of them have been developed t o  g i v e  s a t 5  s f a c t o r y  ~ e r f o r m -  
a n c e ,  The problem of p r e v e n t i n g  i c e  on w i n d s h i e l d s  h a s ,  
t h e r e f o r e ,  been i n c l u d e d  i n  t h e  g e n e r a l  i n v e s t i g a t i o n  of 
t h e  i c i n g  problem now b e i n g  c e r r i e d  o u t  by t h e  B a t i o n a l  
Advisory  Committee f o r  A e r o n a u t i c s .  It  i s  i n t e n d e d  t o  in-  
ve s t 3 g a t e  v a r i o u s  t h e r m a l ,  mechanica l ,  and chemical  means 
i n  o r d e r  t o  de te rmine  some s a t i s f a c t o r y  method of s o l v i n g  
thn  problem. 
One method t h a t  appeared  p romis ing  was t h e  u s e  o f  a n  
e l e c t r i c a l l y  h e a t e d  w i n d s h i e l d  i n  which t h e  h e a t i n g  e l e -  
ments  were immersed i n  a  t r a n s p a r e n t  l i q u i d  between g l a s s  
p l a t e s ,  P r e l i m i n a r y  t e s t s  of a n  ar rangement  of t h i s  t y p e  
were made i n  t h e  N.A.C.A.  i c e  t u n n e l  and i n d i c a t e d  t h a t  
f u r t h e r  t e s t s  mould be j u s t i f i e d .  An improved model mas 
c o n s t r u c t e d  t h e r e f o r e  and mas t e s t e d  i n  f l i g h t .  T h i s  r e -  
p o r t  p r e s e n t s  t h e  r e s u l t s  of  t h e  i n v e s t i g a t i o n  of t h i s  
method f o r  w i n d s h i e l d  i c e  p r e v e n t i o n  i n  t h e  t u n n e l  and  i n  
f l i g h t .  
APPARATUS 
Ice-Tunnel Model 
The f i r s t  model of t h e  e l e c t r i c a l l y  h e a t e d  w i n d s h i e l d  
mas t e s t e d  i n  t h e  3- by ?- foot  3 . A . C . A .  i c e  t u n n e l ,  i n  
mhich a  t e m p e r a t u r e  of 20° F. and a  v e l o c i t y  of 80 m i l e s  
p e r  hour  could  be main ta lned  f o r  con t inuous  o p e r a t i o n .  
The s e c t i o n  of w i n d s h i e l d  model t e s t e d  was 1 0  i n c h e s  
s q u a r e ,  s e t  i n t o  an i n c l i n e d  ? l a n e .  F i ~ u r o  1 shows a  pho- 
t o g r a p h  of t h e  model mounted i n  t h e  t u n n e l  and a  s e c t i o n  
view i l l u s t r a t i n g  t h e  hous ing .  The t e s t  p a n e l  mas made 
up of t w o  panes  of g l a s s  118 i n c h  t h i c k ,  s e p a r a t e d  by a 
1 /4 - inch  gap, The space  between t h e  two g l a s s  p a n e s  con- 
t aSned  bo th  t h e  e l e c t r i c  h e a t i n g  m i r e s  and a l s o  e t h y l e n e  
g l y c o l  t o  improve t h e  t r a n s m i s s i o n  of h e a t  from t h e  w i r e s  
t o  t h e  g l a s s .  The requgrements  were t h a t  t h e  l i q u i d  f i l l -  
e r  be & nonconductor  o f  e l e c t r i c i t y ,  be a  good h e a t  con- 
d u c t o r ,  bave a b o u t  t h e  same index  of r e f r a c t i o n  a s  g l a s s *  
and remain t r a n s p a r e n t  o v e r  t h e  t e m p e r a t u r e  range  from 0 
t o  120' F. A b a k c k i t e  s p a c e r  runn ing  a round  t h e  t e s t  p a n e l  
and cemented t o  t h e  g l a s s  panes  p rov ided  t h e  s e a l  n e c e s s a r y  
t o  r e t a i n  t h e  l i q u i d .  A t u b e  mas connected  t o  t h e  en- 
t r a p p e d  r e g i o n  and was used  b o t h  a s  a f i l l e r  duc t  and a s  a  
h e a d e r  i n t o  mhich t h e  l i q u i d  cou ld  f low when expandod by a 
t e m p e r a t u r e  r i s e .  
Measurement of t h e  power consumed by t h e  u n i t  was mado 
from o b s e r v a t i o n s  of t h e  i n s t r u m e n t s  n o t e d  on t h e  m i r i n g  
d iagram i n  f i g u r e  1. 
s p r a y  n o z z l e  l o c a t e d  i n  t h e  t u n n e l  a i r  s t r eam sup- 
p l i e d  wa te rd rops  s i m u l a t i n g  a n  a t m o s p h e r i c  p r e c i p i t a t i o n  
f o r  t h e  p r o d u c t i o n  of i c i n g  c o n d i t i o n s .  
F l i g h t  Tes t  Model. .  
Fol loming t h e  i c e - t u n n e l  t e s t s ,  a  model f o r  . f l i g h t  
t e s t i n g  mas made and i n s t a l l e d  on t h e  m i n d s h i e l d  o f  a  
S t i n s o n  f o u r - p l a c e  cab in  monoplane. The t e s t  p a n e l ,  a l l o n -  
i n g  v i s i o n  th rough  a  r e c t a n g u l a r  a r e a ,  5 by 10 i n c h e s ,  mas 
s e t  i n t o  t h e  r e g u l a r  w i n d s h i e l d .  The o u t s i d e  d imensions  
of  t h e  t e s t  f rame were 8.1 by 13.1 i n c h e s .  The c o n s t r u c -  
t i o n  of t h e  f l i g h t  t e s t  model mas s imilar  t o  t h a t  of t h e  
t u n n e l  model, w i t h  t h e  e x c e p t i o n  t h a t  a  h e a t i n g  elemen't 
w i r e  m a s  e n c l o s e d  i n  t h e  r i m  t o  p r o v i d e  f o r  a d d i t i o n a l  
h e a t i n g  a t  t h e  p a n e l  edges .  A s e c t i o n  drawing of t h e  con- 
s t r u c t i o n  a t  t h e  edge and a, diagram of t h e  electrical c i r -  
c u i t  a r e  shonn i n  f i g u r e  2 .  The assembled model p r i o r  t o  
i n s t a l . l a t i o n  i s  i l l - u s t r a t e d  i n  f i g u r e  3 .  
Phe pomer i n p u t  was computed from t h e  ammeter rcad-  
i n g s  end t h e  r e s i s t a n c e  of t h e  h e a t i n g  c i r c u i t s ,  a c c o r d i n g  
t o  t h e  e q u a t i o n ,  Poner = ( c u r r e n t ) '  x ~ e s i s t a n c e .  
Theare were ei.ght w i r e s  h e a t i n g  t h e  p a n e ,  spaced even ly  
o v e r  t h e  5- inch wid th  0.56 i n c h  a p a r t .  The l i q u i d  d i e l e c -  
t r i c  sTace w a s  1 / 4  i n c h  and was f i l l e d  w i t h  e t h y l e n e  %ly-  
c o l  a s  i n  t h e  t u n n e l  model. 
I c i n g  c o n d i t i o n s  mere s i m u l a t e d  by a  sprny n o z z l e  10- 
c a t e d  chead of t h e  tv indsh ie ld  2nd a s  n e a r  t o  t h e  r e a r  f a c e  
of t h e  p r o p e l l e r  a s  s a f e t y  p e r m i t t e d .  The sp ray  n o z z l e  
v h i c h  mas movable i n  f l i g h t  f r o m  t h e  c a b i n  p e r m i t t e d  com- 
p l e t e  coverage  of t h e  w i n d s h i e l d  w i t h  wa te rd rops .  Bea tcd  
a i r  f rom t h e  r a d i a l  a i r - c o o l e d  eng ine  was d e f l e c t e d  from 
t h e  r e g i o n  of t h e  t e s t  panel,  by a  b a f f l e  over  t h e  o l g i n e  
c o ~ v l i n g .  Th i s  ar rangement  mas c o n s i d e r e d  n e c e s s a r y  i n  o r -  
d e r  t o  o b t a i n  s i m i l a r  a i r - t e m p e r a t u r e  c o n d i t i o n s  t o  t h a t  
o f  a n i n d s h i e l d  n o t . l o c a t e d  back of an eng ine .  P r e l i m i -  
n a r y  f l i g h t  t e s t s  i n d i c a t e d  t h a t  t h i s  mas e f f e c t i v e  s i n c e  
t e m p e r a t u r e  measurements made i n  t h e  a i r  n e a r  t h e  t e s t  
p a n e l  gave v a l u e s  m i t h f n  lo F. of t h a t  r e a d  f r o m  a s t r u t  
thermometer  l o c a t e d  o u t  s i d e  t h e  p r o p e l l e r  s l i p s t r e a m .  
Power f o r  t h e  h e a t e r  c i r c u i t s  was p r o v i d e d  by two 1 2 - v o l t ,  
34-amgere-hour a i r c r a f t  b a t t e r i e s ,  connected  i n  p a r a l l e l .  
D e s i r e d  a i r  t e m p e r a t u r e s  f o r  t h e  t e s t s  mere o b t a i n e d  by 
f l y i n g  a t  s u i t a b l e  a l t i t u d e s .  
TESTS AND BESULTS 
The r a t e  a t  which h e a t  i s  s i v e n  up  by t h e  s u r f a c e  of 
a n  a i r p l a n e  wind . sh i e ld  t o  t h e  a i r  s t r e a m  i s  a f f e c t e d ,  among 
o t h e r  t h i n g s ,  by t h e  t e m p e r a t u r e  of  t h e  a i r  and  w a t e r d r o p s  
e n t r z i n e d  :~:i th i t ,  a n d  t h e  a c t u a l  m a t e r d r o p  c o n t e n t  of t h e  
a i r .  A l though  no measurement o f  t h e  w a t e r  t e m p e r a t u r e  mas 
made, i t  mas t h o u g h t  t h a t  some s u p e r c o o l i n g  e x i s t e d  dur -  
i n g  most of  t h e  t e s t s .  The a i r  t e m p e r a t u r e s  d u r i n g  t h e  
t u n n e l  t e s t s  were  p e r h a p s  a l i t t l e  l o w e r  t h z n  might  be 
f o u n d  i n  n a t u r e  c o n s i d e r i n g  t h e  amount of w a t e r  p r e s e n t .  
I t  i s  b e l i e v e d  t h a t  t h e  r a n g e  of v a l u e s  f o r  v a t e r  volume 
a n d  t e m y e r a t u r e  a n d  a i r  t e m 2 e r a t u r e  u s e d  r e p r e s e n t  a com- 
b i n a t i o n  of c o n d i t i o n s  t h a t  i s  t y p i c a l  of  a f a i r l y  s e v e r e  
i c e  s t o r m ,  a l t h o u g h  a p p a r e n t l y  n o t  as  s e v e r e  a s  h a s  been  
r e p o r t e d  i n  some i s o Z a t e d  c a s e s .  
Inasmuch a s  t h e  problem of i c e  p r e v e n t i o n  d i f f e r s  from 
t h a t  of i c e  r e m o v a l ,  b o t h  t y p e s  of t e s t  mere nade.  The p r e -  
v e n t i o n  t e s t ~  were made by c l o s i n g  t h e  e l e c t r i c  h e a t e r  c i r -  
c u i t  a s h o r t  kSme b e f o r e  t h e  w a t e r  s p r a y  was t u r n e d  on. 
The minimum yower c o n d i t i o n  'was sough t  a t  which i c e  forma-  
t i o n s  c o u l d  be p r e v e n t e d  o v e r  t h e  t e s t  p a n e l .  I n  t h e  c a s e  
of  t h e  f l i g h t  model ,  t h i s  i n v o l v e d  v a r i o u s  c o m b i n a t i o n s  of 
pomer f o r  t h e  pane  a n d  r i m  h e a t e r s .  Renoval  t e s t s  were 
made a l l o w i n g  i c e  t o  c o m p l e t e l y  c o v e r  t h e  t e s t  p a n e l  p r i o r  
t o  c l o s i n g  t h e  h e a t e r  c i r c u i t s .  A l though  i t  n a s  n e v e r  pos-  
s i b l e  t o  d e t e r m i n e  e x a c t l y  hon t h i c k  t h e  i c e  had formed 
b e f o r e  h e a t  w a s  a p p l i e d ,  i t  i s  b e l i e v e d  t h a t  i n  most r e -  
moval t e s t s  a b o u t  1 / 8  i n c h  was 011 t h e  g l a s s .  
The r e s u l t s  of t h e  t u n n e l  t e s t s  a r e  a s sembled  i n  
t a b l e  I ,  a n d  t h o s e  of t h e  f l i g h t '  t e s t s  i n  t a b l e  11. F ig -  
u r e  4 shows i-he t u n n e l  model a f t e r  i t  h a s 2  u r e v e n t e d  ic'e 
f rom fo rming .  F i g u r e  5 shows t h e  t u n n e l  model a f t e r  a n  
u n s u - c c e s s f u l  a t t e m p t  t o  remove a p re fo rmed  i c e  cap .  F ig -  
u r e s  6 a n d  ?, which  a r e  p h o t o g r a p h s  t a k e n  a f t e r  f l i g h t  
t e s t s ,  i n d i c a t e  t h e  r e s u l t s  of o p e r a t i o n  of  t h e  f l i g h t  
t e s t  p a n e l .  
The t v o  p r o b l e m s ,  i c e  p r e v e n t i o n  a n d  i c e  r emova l ,  
n i l 1  be d i s c u s s e d  ind -ependen t ly .  I n  o r d e r  t o  a v o i d  con- 
f u s i o n ,  p r e v e n t i o n  s h o u l d  be c o n s i d e r e d  a s  ':he a c t i o n  of 
p r e v e n t i n g  any  i c e  c r y s t a l s  f rom fo rming  on t h e  p a n e l .  
Removal, on t h e  o t h e r  hand,  m i l l  be r e f e r r e d  t o  as  t h e  ac- 
t i o n  of removing i c e  f o r m a t i o n s  a f t e r  an  a p p r e c i a b l e  amount 
h a s  a d h e r e d  t o  t h e  s u r f a c e .  
The i n v e s t i g a t i o n  shows t h a t  t h e  f o r m a t i o n  of i c e  was 
p r e v e n t e d  on t h e  a i r p l a n e  w i n d s h i e l d  i n  f l i g h t  by abou t  
1 .43  w a t t s  of e l e c t r i c  e n e r g y  s u p p l i e d  t o  a h e a t i n g  e l e -  
ment f o r  each s q u a r e  inch  of s u r f a c e  t o  be c l e a r e d  a t  120 
m i l e s  p e r  hour .  The power r e q u i r e d  t o  p r e v e n t  i c e  a t  
h i g h e r  a i r  speeds  t h a n  120 m i l e s  p e r  hour  can be r o u g h l y  
approx imated  from t h e  e q u a t i o n  ( r e f e r e n c e  1). 
i n  which PV i s  t h e  power i n  w a t t s  p e r  square  i n c h  r e -  
q u i r e d  a t  t h e  h i g h e r  v e l o c i t y  V, A t  200 m i l e s  p e r  h o u r ,  
t h e  r e q u i r e d  power would be 2.12 matts p e r  square  inch .  
The above s t a t e d  r e q u i r e m e n t s ,  however,  i g n o r e  t h e  
d i f f i c u l t y  t h a t  was e x p e r i e n c e d  w i t h  i c e  from t h e  unpro-  
t e c t e d  n r e a  t e n d i n g  t o  overhang t h e  h e a t e d  a r e a .  Sccause  
of t h i s  d i f f i c u l t y ,  i t  mas concluded a f t e r  t h e  t u n n e l  t e s t s  
t h a t  h e a t  c o n c e n t r a t i o n  m a s  n e c e s s a r y  a t  t h e  edges  of t h e  
p r o t e c t e d  a r e a .  I t  mas though t  t h a t  such a n  ar rangement  
v o u l d  n o t  o n l y  p r e v e n t  t h e  i c e  f r o m  overhanging t h e  pro-  
t e c t e d  a r e a ,  b u t  would a l s o  c u t  through any preformed i c e  
f i l m  and t h e r e b y  a s s i s t  t h e  qu ick  removal of such i c e .  
The f l i q h t  model,  t h e r e f o r e ,  was p rov ided .  w i t h  a h e a t i n g  
e l e n e n t  i n  t h e  r i m  s u r r o u n d i n q  t h e  h e a t e d  p a n e l .  
F l i g h t  t e s t s  i n d i c a t e d  t L a t  t h e  r i m  h e a t e r  p r e v e n t e d  
a11 overhang ing  i c e  f i l m  f r o 2  t h e  u n p r o t e c t e d  a r e a s .  1% 
was o b s e r v e d ,  however,  t h a t  t h e  tenBency t o  overhang was 
c ~ n f i n e d  t o  t h e  edge a c r o s s  which t h e  a i r  s t r eam f i r s t  
p a s s e d  - t h a t  i s ,  t h e  lomer edpe - and  cou ld  be p r e v e n t e d  
t h e r e  by abou t  2 w a t t s  p e r  i n c h  of r i m  l e n g t h .  A s  t h e  
power w a s  re6.uced d u r i n g  t h e  i c e - p r e v e n t i o n  t e s t s ,  c s  
formed f i r s t  between t h e  bot tom h e a t i n g  v i r e  and t h e  lower  
edge of t h e  t r a n s p a r e n t  a r e a .  I t  was concluded from t h i s  
o b s e r v a t i o n ,  t h a t  t h e  f i r s t  w i r e  shou ld  have been l o c a t e d  
q u i t e  n e a r  t h e  leading-edge r i m  which shou ld  a l s o  be h e a t -  
e d  a s  n o t e d  above ,  and  t h a t  t 3 e  s p a c i n g  of t h e  o t h e r  w i r e s  
s h o u l d  have been l e s s  a t  t h e  bot tom and become p r o g r e s s i v e -  
l y  g r e a t e r  toward t h e  top .  T h i s  shou ld  p r o v i d e  a more e f -  
f e c t i v e  r e l e a s e  of ene rgy  a n d  t h e r e f o r e  p e r m i t  a reduc-  
t i o n  of  t h e  h e a t i n g  powss, 
The removal of a n  i c e  c o a t i n g  o v e r  t h e  w i n d s h i e l d  by 
t h e  e l e c t r i c  h e a t e r s  t e s t e d  was a f f e c t e d  by f a c t o r s  n o t  
r e l a t e d  t o  t h e  problem o f  i c e  p r e v e n t i o n .  Although t h e  
power r e q u i r e d  t o  melt  t h e  i c e  f r e e  from t h e  g l a s s  mas 
s m a l l e r  t h a n  t h a t  r e q u i r e d  f o r  i c e  p r e v e n t i o n ,  t h e  problem 
of q e t t i n g  t h e  unbonded i c e  cap o f f  t h e  t r a n s p a r e n t  a r e a  
o f f e r e d  o t h e r  d i f f i c u l t i e s .  As p r e v i o u s l y  n o t e d ,  h e a t  mas 
c o n c e n t r a t e d  a t  t h c  edgos t o  n r e v e n t  bonding t o  t h e  i c e  
o v e r  t h e  u n p r o t e c t e d  a r c a s .  In f l i g h t  i t  was i n d i c a t e d  
t h a t  abou t  2 w a t t s  p e r  i n c h  of r i m  mould f r e e  t h e  i c e  a t  
t h e  e d g e s  n i t h i n  1 0  minu tes  a f t e r  h e a t  mas a p p l i e d .  
The amount of power r e q u i r e d  t o  e f f e c t  t h e  removal 
of a  preformed i c e  cap by m e l t i n g  i n  a  r e l a t i v e l y  s h o r t  
t ime i s  thought  t o  be e x c e s s i v e .  According t o  t h e  t u n n e l  
r e s u l t s ,  a t  80 m i l e s  p e r  h o u r ,  about  1.9 w a t t s  of power 
p e r  square  i n c h  of  a r e a  would be r e q u i r e d  t o  remove a n  
i c e  cap  i n  15 minu tes .  O b s e r v a t i o n s  of t h e  t u n n e l  t e s t s  
i n d i c a t e d  t h a t  by c a u s i n g  t h e  h e a t e d  f a c e  of t h e  t e s t  pan- 
e l  t o  p r o t r u d e  from t h e  remainder  o f  t h e  w i n d s h i e l d  and 
by c o n c e n t r a t i n g  a d d i t i o n a l  h e a t  t o  t h e  g a n o l  edge ,  t h e  
i c e  mould be p e r m i t t e d  t o  s l i d e  s ideways and c l e a r  t h e  
t e s t  p a n e l  a f t e r  i t s  bonds had been mel ted ,  1% was though t  
t h a t  by t h i s  means t h e  i c e  ca,p cou ld  be removed q u i c k l y  
w i t h o u t  e x c e s s i v e  power. The f l i g h t  t e s t s  of t h i s  f e a t u r e  
mere i n c o n c l u s i v e .  Hornever, i t  w a s  i n d i c a t e d  t h a t  t h e  
p r i n c i g l e  was c o r r e c t  but  t h a t  some a d d i t i o n a l  means, pos-  
s i b l y  mechan ica l ,  mere needed t o  i n s u r e  immediate removal 
of t h e  i c e  cap. 
The r e s u l t s  seem t o  i n d i c a t e  t h a t  t h e  type  of e l e c -  
t r i c a l l y  Lea ted  t ~ i n d s h i e l d  t e s t e d  may have some p r a c t i c a l  
a p p l i c a t i o n  and t h a t  f u t u r e  development through s e r v i c e  
t e s t i n g  i s  j u s t i f i e d .  Any f u t u r e  c o n s t r u c t i o n  shou ld  con- 
s i d e r  t h e  f o l l o w i n g  recommended d e s i g n  c r i t e r i a  n h i c h . a r e  
based  on t h e  t e s t  r e s u l t s  and i m p r e s s i o n s  g a i n e d  from 
q u a l i t a t i v e  o b s e r v a t i o n s  d u r i n g  t h e  i n v e s t i g a t i o n :  
1. I f  t h e  o p e r a t o r  t u r n s  t h e  h e a t e r  on vhen 
i c i n g  c o n d i t i o n s  a r e  iml2ending o r  immedia te ly  a f t e r  
i c i n g  h a s  s t a r t e d ,  i n  t h e  same way t h a t  t h e  a i r - s p e e d  
mast h e a t e r s  a r e  u s e d ,  t h e  power supp ly  f o r  t h e  pane 
h e a t e r  may be de te rmined  from t h e  e q u a t i o n  
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i n  v h i c h  V i s  t h e  v e l o c i t y  i n  m i l e s  p e r  h o u r .  
2 .  A d d i t i o n a l  p r o t e c t i o n ,  p a r t i c u l a r l y  a g a i n s t  
overhang ing  i c e ,  may 'be':had by h e a t i n g  t h e  l e a d i n g -  
e d s e  r i m  w i t h  about  2 watts of power p e r  i n c h  of r i m ,  
and by c a u s i n g  t h e  p r o t e c t e d  s u r f a c e  t o  p r o t r u d e  abou t  
1 / 2  i n c h  from sur round ing  u n p r o t e c t e d  s u r f a c e s .  
3. When a c o n s i d e r a b l e  i c e  cap ,Bas 'been a l lowed  
t o  form,  t h e  e n t i r e  r i m  shou ld  be h e a t e d  w i t h  a b o u t  . 
2 matts of power p e r  i n c h  of r i m  i n  a d d i t i o n  t o  t h e  
pane h e a t e r .  
4. The o u t e r  p r o t r u d i n g  f a c e  of t h e  h e a t e d  mind- 
s h i e l d  shou ld  have a  smooth s u r f a c e  a t  t h e  rims i n  
o r d e r  t h a t  a preformed i c e  cap which h a s  been m e l t e d  
f r e e  from t h e  p r o t e c t e d  s u r f a c e  may be removed e i t h e r  
by .  t h e  a i r  s t r eam o r  by some a u x i l i a i y  mechanica l  
means. 
5. The f a c e  a r e a  of t h e  h e a t o d  w i n d s h i e l d  r i m  
s h o u l d  be as smal l  a s  p o s s i b l e .  
6. The m o s t  e f f e c t i v e  use  of pane h e a t i n g  power 
may be o b t a i n e d  by a r e l a t i v e l y  c l o s e  s p a c i n g  o f  t h e  
m i r e s  a t  t h e  lead. ing edge w i t h  a  p r o g r e s s i v e l y  i n -  
c r e a s e d  spacin,; toward t h e  r e a r .  
7. The air s t ream shou ld  c r o s s  t h e  f a c e  of  t h e  
p a n e l  p e r p e n d i c u l a r l y  t o  t h e  d i r e c t i o n  of t h e  pane 
h e a t i n g  m i r e s .  
CONCLUSIONS 
1. The p r e v e n t i o n  of i c e  on t h e  w i n d s h i e l d  model w a s  
accompl i shed  i n  t h e  t u n n e l  w i t h  1.25 w a t t s  of e l e c t r i c  
power p e r  square  i n c h  when t h e  t e m p e r a t u r e  and t r e l o o i t y  ef 
t h e  a i r  s t r eam were 2 S 0  F. and 80 m i l e s  p e r  h o u r ,  r e s p e c -  
t i v e l y .  
2. I c e  mas p r e v e n t e d  on a  second and improved model 
i n  f l i g h t  u s i n g  1.43 m a t t s  of  e l e c t r i c  power p e r  s q u a r e  
i n c h  of t r a n s p a r e n t  s u r f a c e  augmented by a r i m  h e a t e r  u s i n g  
2  w a t t s  p e r  i n c h  of r i m  v i t h  t h e  t e m p e r a t u r e  and v e l o c i t y  
at 26O F. and 120 m i l e s  p e r  h o u r ,  r e s p e c t i v e l y .  
3. The removal of s preformed i c e  cap  was p a r t i a l l y  
s u c c e s s f u l  i n  t h e  t u n n e l  a i t h  1.89 w a t t s  of e l e c t r i c  pomcr 
p e r  s q u a r e  i n c h  vhen t h e  t e m p e r a t u r e  and  v e l o c i t y  mere 
25O F ,  a n d  80 m i l e s  p e r  h o u r ,  r e s p e c t i v e l y .  Design i m -  
p rovcment s  and p o s s i b l y  mechan ica l  a s s i s t a n c e  a r c  needed 
f o r  t h e  r a p i d  removal  of a p re fo rmed  i c e  cap. 
Lang ley  12emorial A e r o n a u t i c a l  L a b o r a t o r y ,  
N a t i o n a l  Adv i so ry  Committee f o r  A e r o n a u t i c s ,  
Langley  F i e l d ,  Ta., F e b r u a r y  21 ,  1939.  
1, McAdams, W i l l i a m  H . :  Heat  T r a n s m i s s i o n .  McGraw-Hill 
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TABLE I 
VINDSHIELD ICE REMOVAL AND PREVENT103 TEST RESULTS 
Tunnel T e s t s  
Heated a r e a ,  1 0  by 1 0  i n c h e s .  Transparen t  a r e a ,  9 by 9 i n c h e s .  
Type of 
t e s t  
------ 
Preven- 
t ion  
Removal 
Removal 






_________________ - ---------. _--- 
I c e  ? r e v e n t e d  ( s e e  f i g .  4 ) ,  
f o r m a t i o n s  a t  edge of t e s t  
p a n e l  1-1/4 i n c h e s  t h i c k .  
Vis ion  c l e a r .  I c e  showed 
some tendency t o  b u i l d  out  
and over  p a n e l  a,t t h e  en- 
t e r i n g  edge .  
I c e  removed from abou t  20 
p e r c e n t  of p a n e l  i n  1 5  
minutes  (See  f i g .  5.  ) Ice  
mel ted  benea th  f o r m a t i o n  
but  mebl ike  c r u s t  n o t  r e -  
moved e x c e p t  a t  t o p  of 
p a n e l .  
..---.....---------- -----------.- 
Air 1 P o r e r  
temper r e q u i r e d  
a t u r e  
OF. 1 w a t t s / s q .  i n .  
I ce  removed from 30 p e r c e n t  
a f t e r  1 0  minutes.  Loss of 
e t 2 y l e n c  g l y c o l  due t o  
l e a k a ~ e ,  6 0  p e r c e n t .  I c e  
n o t  removed over  t h a t  sec-  
t i o n  n o t  c o n t a i n i n g  e t h y -  
l a n o  g l y c o l .  T e s t s  d i s -  
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TABLE I1 
VIBDSHIELD ICE REMOVAL ABD PREVENT ION TEST 'RESULTS 
Flight Tests 
Heated area of pane (transparent) = 5 by 9.7'5 inches. Total 
heated area, 8.1 by 13.1 inches. Cabin temperature, 40' I?. 
Comments 
- - 
Ice prevented over 106 sq.in. in 
continuous operation, also small 
preformed formations were removed. 
Visibility clear. (See note.) 
After f1 minutes ice melted free 
from pane and was blown away from 
80 percent of the test panel, 
The lower edge remained covered 
due to insufficient povver in lower 
rim heater. Slight blurring be- 
tween wires of test panel. Visi- 
bility poor. 
After 8 minutes ice formation over 
panel melted free and moved side- 
weys until contact was made with 
ice aver ad~aeent area. Rim power 
greater than needed. 
Ice prevented from forming over 
transparent region. (see note.) 










leading edge* Ice was rerrioved from the unprotected ereas albng the 
sides and at the top of the heated panel, indicating that the rim 







































F i g .  1 
View of model mounted in tunnel 
Direction of 
10 in. by 10 in. - 
windshield wind stream 
test panel 





Electrical heating circuit 
Figure 1,- Tunnel model 
\ L P a a  heater rim Wbber gasket ' B n u  r i m  
Section sf 




Figure 6.- Ice removal and prevention results illustrated 
photographically. A large part of the ice on 
the unprotected region blew away by the air stream during 
descent. 
Figure 7.- Pee removal and prevention results illustrated 
photographically. 
